INTRODUCTION
IN 1978, WE REPORTED TWO FINDINGS ABOUT UPPER-AIRWAY FUNCTION. 1 First, phasic and, particularly, tonic laryngeal abductor activity decreased in sleep with the greatest reductions in rapid-eye movement (REM) sleep. This seemed to explain the increase in upper-airway resistance in sleep that we had reported in 1977. 2 Second, electrical stimulation of the reticular activating system excited the laryngeal abductors more than the diaphragm. Thinking it relevant to the pathophysiology of obstructive sleep apnea, we wrote, "the ability to dilate the upper airways on arousal becomes the liability of occlusive collapse on the loss of wakefulness" (p. 64) . In this review, we revisit these issues. We address tonic and phasic drives to different components of the respiratory system and the basis for the effects of sleep on them.
In the 1978 paper, we referred to the neglected physiology of the upper airways. In 2002, a query to PubMed using "hypoglossal nerve" as the keywords yielded 2,299 references. Although not all are related to breathing, many are, and it is certain that the physiology of the upper airways is no longer neglected. In part, the large number of references is the result of the use of the in vitro brainstem slice as the preferred model for many contemporary studies on the neural control of breathing. Neurons within slices, which can include the hypoglossal nucleus as well as the presumed network for rhythmogenesis, show rhythmic respiratory activity, albeit slow and of a different form from that in the intact animal. More importantly, however, studies of upper-airway physiology have been motivated by the clinical importance of the topic. Sleep apnea occurs as the result of obstruction of the upper airway; it persists in sleep despite vigorous efforts to breathe, but it is relieved on arousal. Although none of these facts exclude the primary role of anatomic anomalies in the pathophysiology of obstructive sleep apnea, the state-specificity of the disorder has demanded physiologic explanations.
The wakefulness stimulus to the respiratory system. In our 1978 paper, 1 we described differences in behavior of an upperairway muscle and the diaphragm in response to electrical stimulation of the midbrain and pontine reticular formation. These were studies in pentobarbital-anesthetized cats in which the acitivity of the laryngeal abductor muscle, the posterior cricoarytenoid, was recorded and compared to the activity of the diaphragm. Electrical stimulation of the reticular activating system caused an increase in the duration of abductor activity, an increase in the discharge frequency of abductor motor units, and a recruitment of larger abductor motor units. These effects were observed at stimulation intensities below those necessary to obtain changes in the intensity of diaphragmatic activity. It was the differential sensitivity of the upper-airway muscles and of the diaphragm that seemed significant for understanding obstructive sleep apnea. It implied that the muscles of the upper airway would be affected more than the diaphragm by the loss of wakefulness and that this could lead to occlusive collapse during sleep.
Subsequent studies indicated that the neural systems driving upper-airway motoneurons are more sensitive than those of phrenic motoneurons to the depressive effects of ethanol, diazepam, pentobarbital, halothane, hypocapnia, and chemical and thermal depression of the ventral medullary surface. [3] [4] [5] [6] [7] [8] Similarly, the systems controlling the upper-airway muscles are more sensitive than those of the diaphragm to the excitatory effects of protriptyline, strychnine, cyanide, and doxapram. 4, 6 These studies led St. John 7 to test the hypothesis that reticular mechanisms had a greater influence on upper-airway motor systems than on the bulbospinal-phrenic system. His results confirmed our finding that reticular stimulation preferentially excited upper-airway motor systems.
A preferential inactivation of upper-airway muscles during sleep may not be important in the pathophysiology of obstructive sleep apnea. In the same year as our paper, Remmers, deGroot, Sauerland, and Anch 9 proposed a pathophysiology that has been a landmark in the area. Their paper clearly describes the necessity of a structural anomaly, and not a preferential inactivation of upper-airway muscle activity, as the primary event leading to obstruction. They proposed that "because of structural narrowing of the pharyngeal airway, Pph [pharyngeal pressure] is increased and the mechanical action of the genioglossus is compromised. . . At sleep onset, genioglossal activity declines such that the. . .pharynx collapses" (p. 937). Nowhere did they state that this collapse requires a preferential inactivation of airway activity. They emphasized that knowledge of either the level of genioglossal activity alone or of pharyngeal pressure alone did not predict whether a breath was occluded or not occluded. Knowledge of both pharyngeal pressure and genioglossal activity was required to discriminate occluded from not occluded breaths. The authors invoked differential actions on airway-dilator and pump muscles only to explain the release of the occlu-sion. They stated that "asphyxic stimuli cause arousal and engage 'nonautomatic' mechanisms that preferentially activate the genioglossus. . . and the pharynx opens" (p. 937).
We demonstrated a preferential activation of upper-airway muscles on arousal to wakefulness in response to occlusion. 10 We studied activity of the diaphragm and of the laryngeal abductors in intact cats during tracheal occlusions instituted during sleep. In non-REM (NREM) sleep, occlusion caused progressive augmentation of both laryngeal-abductor and diaphragmatic activity, although increases in laryngeal activity exceeded the increases in diaphragmatic activity. The greatest augmentations between one breath and the next were seen when the first occluded breath occurred in sleep and the next occluded breath occurred in wakefulness. This increase in activity at the transition from sleep to wakefulness was greater for the laryngeal abductors than for the diaphragm. In REM sleep, occlusion caused a variable augmentation of laryngeal inspiratory activity, but there was no clear augmentation of either tonic (expiratory) laryngeal abductor or diaphragmatic activity. In addition, arousal in response to occlusion was delayed in REM sleep. These results complemented the earlier observations of Brouillette and Thach 11, 12 that the progressive response of the genioglossus to occlusion, as well as the response to hypoxia and hypercapnia, is quantitatively greater than the diaphragmatic response. They confirmed also the earlier observation of Phillipson and his colleagues. 13, 14 Several studies in the last two decades have investigated the effects of airway occlusion on upper-airway and diaphragmatic activity. These have confirmed the powerful effect of arousal on upper-airway dilating activity, [15] [16] [17] and they have demonstrated in addition that airway dilating responses to occlusions and negative pressure during sleep are weak compared to those in wakefulness. 15, 18, 19 It has been suggested that the weaker response in sleep may contribute to pharyngeal collapse in patients with obstructive sleep apnea. 19 According to this idea, occlusion is the result of failed compensation in sleep. 19, 20 The idea is supported by demonstrations of greater genioglossal activity (compensatory activity) in wakefulness in patients with obstructive sleep apnea than in normal subjects. 21 When we stimulated the reticular formation and observed activation of the respiratory system, we believed that we were revealing the neural basis of the wakefulness stimulus for breathing and the preferential effect of this stimulus on an upper-airway muscle. 1 This idea was based on work that demonstrated that stimulation of the reticular activating system produced electroencephalographic arousal [22] [23] [24] and also on the earlier proposal by Fink and colleagues that wakefulness was a stimulus for breathing. 25 Ours was not the first investigation of the effects of reticular stimulation on breathing. Similar studies were conducted even in the 19th century, and references to these can be found in our original paper. Studies by Hugelin and Cohen 26, 27 showed, before our study, that reticular stimulation in spinal, vagtomized, and artificially ventilated cats caused an increase in the rate and effort of breathing that outlasted the period of stimulation (afterdischarge). Hugelin and Cohen did not, however, study the differing effects of stimulation on upper-airway and thoracoabdominal muscles.
Our demonstration that stimulation, known to cause electroencephalographic arousal, caused activation of the respiratory system, and preferentially that part controlling the upper airways, was consistent with the idea that there was a wakefulness stimulus for breathing that was not the result of reflexes or sensory inputs but that was instead endogenous( 1 ). Similarly, there is an enhancement of respiratory activity, "after-discharge," that persists following application of an excitatory stimulus. 29 In cat, afterdischarge lasts 1 to 5 minutes after compression of a muscle or stimulation of the carotid sinus nerve. It is a central phenomenon requiring only the pontomedullary brainstem, and it does not depend on, but rather affects, circuits that produce the respiratory rhythm. Although there have been attempts to determine the neurotransmitters involved in afterdischarge, they remain unknown. Cats pretreated with antagonists to serotonin, dopamine, and norepinephrine and naloxone, have afterdischarges equivalent to those of untreated animals. 30 Some investigators contend that serotonergic inputs from the raphe nuclei stimulate the respiratory system during arousal. 31 The arguments in favor of this idea are the following. Raphe neurons are most active in wakefulness; their activity declines in NREM sleep and is least in REM sleep. 32 Raphe neurons are serotonergic, and serotonin is excitatory to both respiratory-pump and upper-airway motoneurons. [33] [34] [35] [36] [37] Furthermore, antagonists of the excitatory effects of serotonin reduce the spontaneous activity of hypoglossal motoneurons in decerebrate cats. 35 These and other results have led to the theory that the loss of raphe neuronal activity in sleep causes reduced serotonin release and consequently disfacilitation of upper-airway motoneurons that then become hypotonic.( 2 ) 38 The hope is that these studies will lead to a pharmacologic treatment for obstructive sleep apnea, but so far the results have been modest and disappointing. [41] [42] [43] [44] Obstructive apnea in REM sleep is particularly resistant to treatments designed to increase serotonin levels.
Regardless of the source of excitation of the respiratory system in wakefulness, whether it be from the reticular activating system, the raphe nuclei, or from diverse structures throughout the nervous system, it is probable that the form of the excitatory drive is tonic. The activities of central respiratory neurons reflect differences tonic inputs to them. Quantative analysis shows that most brainstem respiratory neurons are less active in NREM sleep than in wakefulness, but some are affected more than others. 45 Specifically, the effect of sleep on a respiratory neuron is proportional to the amount of nonrespiratory activity in the activ- ( 1 )As a graduate student in the 1960s, JMO met Alfred Fessard, a pioneer in recording neuronal activity, who admitted to surprise at his finding that the brain was active in the absence of sensory stimulation. In Fessard's era, spontaneous activity in the brain, in the absence of stimulation, challenged prevailing ideas of a stimulus-response or reflexive brain. To some extent physiologists are still surprised by the presence of endogenous processes in the brain. For example, in a recent article 28 the authors test the hypothesis that hyperventilation upon induced arousal is the result of reflexive responses to a change in threshold in the response to carbon dioxide. That this was not the case was sufficiently surprising to physiologists to warrant publication in a prestigious physiologic journal. ( 2 )This theory contends also that hypotonia of the upper airway in REM sleep is the result of disfacilitation, because of the absence of serotonergic input, rather than active inhibition. However, using the cholinergically induced REM sleep preparation, Yamuy and colleagues have determined that hypoglossal motoneurons are in fact postsynaptically inhibited via glycinergic mechanisms. 39 This is the same preparation used by Kubin and colleagues to demonstrate that hypoglossal motoneurons are disfacilitated and not actively inhibited. 38 To some, the cholinergically induced state is not an adequate model for the study of breathing during sleep, and particularly breathing during REM sleep. In the cholinergically induced (carbachol) state, breathing is slow and regular, but in natural REM sleep, breathing is rapid and irregular. To explain this difference, Kimura et al. 40 proposed that breathing irregularities may be caused by rapidly changing levels of endogenous acetylcholine in the pons during natural REM sleep and that these changes are not mimicked by intracerebral injections of carbachol.
ity of the neuron( 3 ). Respiratory cells whose activity reflects large amounts of tonic input to them are affected more than are well-defined respiratory cells. Certainly some upper-airway motoneurons are among the former. Their activity can be so tonic or nonrespiratory that a respiratory pattern is indiscernible. However, the quintessentially respiratory neurons do not show dramatic changes in activity in NREM sleep compared to relaxed wakefulness, and discrimination of moments of sleep from moments of wakefulness on the basis of the behavior of these cells can be impossible (Figure 1) .
The roles of tonic input(s) to respiratory neurons and the functional significance of the variation in tonic inputs from one cell to the next are not known. The cells of the respiratory system can be defined on several dimensions. One dimension is the respiratory phase when the cell is active. On this dimension alone the range of behaviors of different cells is wide. There are many types of inspiratory neurons. For example, some have increasing activity as inspiration proceeds; some, decrementing; and others, constant activity throughout the phase. Within each group, some show evidence of tonic (nonrespiratory) inputs, and others do not. Models of the respiratory oscillator typically comprise less than a dozen cell types, but this is only a pretense, a necessary simplification perhaps.
It has been proposed that tonic inputs to certain respiratory cells enable behavioral control of the respiratory system. Evidence of this is activation of such, some respiratory cells in association with performance of a behavioral respiratory response. 48 These are the same cells that are affected most by NREM sleep, and accordingly the wakefulness stimulus to the respiratory system may derive from excitatory drives related to behavioral control.
Behaviors involving the respiratory system vary from defensive respiratory responses such as sneezing, coughing, and swallowing to complex voluntary acts such as speaking or playing a wind instrument. They have in common the imposition of nonrespiratory or nonrhythmic inputs onto the ordinarily rhythmic respiratory oscillator, and most require wakefulness. ( 4 ) Compensation for an anatomic anomaly in the upper airway could be added to this list of behaviors requiring aroused wakefulness.
In summary, the low threshold for excitation of upper-airway muscles to stimulation of the reticular activating system is consistent with the presence of arousal-dependent tonic inputs to the motor neurons and upper motor neurons that control them. These arousal-dependent inputs may come from the raphe nuclei, the reticular formation, or many areas of the brain, and their purpose may be for behavior control. According to this interpretation, their preferential activation with arousal, compared to that of the diaphragm, is the result of greater amounts of tonic input to them than to the diaphragm.
Excitatory drives to the respiratory system in REM sleep. In our 1978 paper, we presented results showing that inspiratory activity of the posterior cricoarytenoid in REM sleep was 73% of the activity in wakefulness and 83% of the activity in NREM sleep. Expiratory (tonic) activity of this muscle was reduced more: activity in REM sleep was only 29% of the activity observed in wakefulness and 59% of the activity in NREM sleep. Two years earlier Sauerland and Harper had reported similar findings in a study of the human tongue. 53 
We came to this conclusion by an indirect route. First, we had encountered earlier, and for reasons unrelated to breathing in sleep, the problem of detecting respiratoryrelated activity, no matter how weak, in the activity of a cell, a problem that we solved using an analysis of variance. 46 Secondly, we used the analysis of variance in association with an effect-size statistic to quantify the relative strength of the respiratory component in the activity of a cell. 47 We knew nothing of the functional significance of the quantity that we computed and called eta-squared. Finally, we saw, as a result of this analysis, that cells with strong and consistent respiratory activity were affected less by sleep than are cells with weak and inconsistent activity. 45 In other words, sleep affected primarily those neurons receiving large proportions of nonrespiratory inputs. ( 4 )Behavioral control in most cases requires wakefulness. For example, mechanical and chemical stimulation of the larynx causes coughing in wakefulness but not in sleep. 49 Similarly, bronchopulmonary stimulation produces coughing during wakefulness but not during sleep. 50, 51 These results led Phillipson and Bowes 52 to the following statement (p. 674): "These findings have important physiological implications because they suggest that coughing which involves a complex coordination of glottal, intercostal, diaphragmatic abdominal, and tracheobronchial muscles, requires participation of supramedullary structures that are activated in the awake state." This cell began discharging late in expiration and discharged maximally at the transition from expiration to inspiration. Cells having this pattern are referred to as preinspiratory cells, and it has been hypothesized that they are pacemaker cells within the respiratory oscillator. Note that the activity of this cell is invariant (the slope of the cumulative count curve is constant) throughout the alternating periods of wakefulness and NREM sleep but that its activity increases at the onset of REM (increased slope of the cumulative count curve).
that muscles that dilate the upper airway are less active in sleep, that tonic activity is more affected by sleep than phasic activity, and that the sleep-related reduction is greatest in REM sleep. For example, a recent publication describes a major suppression of genioglossus muscle activity during REM sleep even when breathing is stimulated by carbon dioxide and concludes that this "may explain why obstructive apneas are more common in REM sleep" 54 . However, there are results that conflict with the conclusion that upper-airway muscle activity is least in REM sleep. Richard and Harper 55 recorded hypoglossal neurons in the intact unanesthetized cat and found that most respiratory-related cells discharged at rates in REM sleep that were similar to those in wakefulness. Similarly, studies of upper airway activity in humans cast doubt on the conclusion that there is a profound depression of this activity in REM sleep. For example, Wiegand and colleagues 17 studied six normal men and found no significant differences in genioglossus or alae nasi EMG activity between NREM and REM sleep. Activity of these muscles during phasic REM sleep (REM sleep associated with rapid eye movements) was less than activity during NREM sleep, but activity during tonic REM sleep was equivalent to or greater than activity during NREM sleep. Another study in humans showed that phasic cricothyroid muscle activity is greater in REM sleep than in NREM sleep. 56 In dogs, there is also evidence of excitation, not depression, of the hypoglossal nerve in REM sleep. 57 This excitation in REM sleep was observed both during normal breathing and in response to a submental force that caused narrowing of the airway. The excitation appeared to cause both phasic activity associated with the respiratory cycle and irregular and intense activity that occurred episodically with no apparent relation to breathing. These reports contradict the generally accepted idea that REM sleep is the state in which upper-airway muscle activity is most depressed.
Other facts support the existence of excitatory drives to the respiratory system in REM sleep and indicate that these drives are internal. The first identification of REM sleep described rapid breathing in that state, 58 which has been confirmed many times in the almost 50 years since then. Diaphragmatic activity has been reported to be greater in REM sleep than in NREM sleep 54, 57, 59 and many respiratory neurons in the brainstem are more active in REM sleep than in NREM sleep or relaxed wakefulness (Figure 2 ). [60] [61] [62] [63] [64] [65] Excitation could be a reflex in response to increased compliance of the chest, or increased resistance of the upper airway, or some other stimulus that excites a peripheral sensor as the result of a REM-sleep phenomenon such as atonia. However this is unlikely because excitation of respiratory neurons and muscles occurs during REM sleep in animals in whom respiratory variables are removed or held constant by mechanical ventilation 66 (Figures 3-5 )( 5 ). Furthermore there is a positive relation between activity of some respiratory neurons and phasic REM-sleep activity 62 and between the rate of breathing in REM sleep and the activity of REM-specific neurons. 68 These facts are evidence of internal sources of the drive. Furthermore, this drive 67 Accordingly, the apneic state is ideal for studying state-specific influences on respiratory neurons and diaphragmatic muscle units without obscuration by an overlying drive from the respiratory oscillator. The mechanically hyperventilated state is ideal also because ventilation can be held constant across wakefulness and sleep, and the possible effects of changes in inputs from feedback mechanisms are eliminated. Upper-airway resistance is irrelevant because the animals are intubated, and changes in mechanics, (for example, chestwall compliance) affect only the work of the ventilator and not the animal. In addition, carbon dioxide levels can be controlled across sleep and wakefulness. may be unique to REM sleep and may be responsible for fetal breathing. 69, 70 There are two views on the nature of the internal drives to the respiratory system in REM sleep. According to some authors they are related to behavioral mechanisms and are the dreamer reacting to the dream. 58, 71 For others they are the result of fundamental neurophysiologic processes of REM sleep. 62, 72 Evidence of the former could come from studies in which the dreamer is aroused and the pattern of breathing related to the reported content of the dream. For example, just as to-and-fro eye movements have been related to a recalled dream of watching a tennis match, 73 hyperventilation might be related to a dream report of some exertion, and apnea to an attempted breath-hold in the dream.
The relations among the various physiologic manifestations of REM sleep and the presence or absence of psychophysiologic parallels are issues as old as the study of sleep itself, and we can do no better than to restate the arguments of Snyder 35 years ago. 74 Aserinsky 75 found a strong relation between bursts of eye movements and increases in the rate of breathing, but others subsequently questioned this and noted dissociation of the two phenomena. 74, 76, 77 Hobson, Goldfrank, and Snyder 77 studied the relation between dream content and breathing during REM sleep. They found that the probability of a dream report and the vividness, emotional content, and amount of physical activity in the dream were higher when breathing rates were high and variable. They found also that specific respiratory content was twice as likely when the subject was awakened following apnea as compared to following other respiratory patterns. A few years after Hobson, Goldfrank, and Snyders' study, Baust and Engel 78 examined the relations among respiratory rate and amplitude and dream content. They found that highly variable rates were associated with reports of the sleeper having little active participation in the dream and of there being little physical aggression in it. However, large-amplitude breaths were associated with the sleeper having intense active participation in the dream, and variability in amplitude was associated with dreams containing a high degree of physical aggression.
The above results support the idea that breathing patterns may parallel the content of the dream. Other literature is less convincing. In 1973, Hauri and Van de Castle 79 examined heart rate, the galvanic skin response, and breathing in relation to dream emotionality, physical activity in the dream, and dream intensity.( 6 ) Respiration rate was related to emotionality and to dream intensity, but, they found that there was no significant relation between physical activity in the dream and the rate of breathing. Hauri and Van de Castle explained the absence of a relation between dreamed physical activity and breathing by noting that since there was no actual exercise during the dream there was no increase in carbon dioxide in the blood to stimulate breathing. This reasoning followed from the (now known to be mistaken) notion that the increase in ventilation during exercise is the result of feedback mechanisms that function to maintain blood gases at a constant level. However, feed forward mechanisms apparently increase ventilation during exercise, and the results of Hauri and Figure 5 -Half-wave rectified electroencephalograms and instantaneous discharge rate of an inspiratory neuron in NREM and REM sleep during spontaneous respiration (a) and during mechanical ventilation (b). The figure shows that in REM sleep this neuron is driven by endogenous tonic inputs that account for much of the activity of the neuron during spontaneous breathing in that state.
Van de Castle indicate that these mechanisms may be inoperative during dreaming. ( 7 ) Hauri and Van de Castle expressed uncertainty over the expected pattern of breathing associated with a given emotion or activity. They noted that individual differences probably exist and that it would be necessary to study a subject's breathing patterns during various emotions in wakefulness before attempting to study psychophysiologic parallels in dreams. Two years after this suggestion, Goodenough and colleagues 81 studied subjects' respiratory responses to stressful films in wakefulness( 8 ) and compared these to dream anxiety and associated breathing. They found that those subjects who showed irregular breathing patterns to the stressful films also showed irregular breathing patterns in response to anxiety in dreams.
The relation of nocturnal emissions to dream content is also uncertain. 74 Citing an abstract by C. Fisher and J. Gross and the dissertation of I. Karacan, Snyder notes the report of a subject whose pulse and respiratory rates were high while experiencing an erotic dream ending in ejaculation. He notes also, however, that others have not found a relation between nocturnal emissions and explicitly sexual dream content.
Overall, the data do not clearly support or refute psychophysiologic parallels in dreams. Current theories would predict that dreams of strenuous activity should be associated with increased breathing, but evidence of this is equivocal.
Any theory of control of breathing in REM sleep must contend with claims that the irregular and rapid pattern of breathing persists in pontile and neonatal animals. 82, 83 Evidence of rapid breathing is illustrated in several figures in Jouvet's 1962 masterpiece. 82 Figure 4 in that work shows that respiratory rate increases in the atonic (REM) state of the decorticate and mesencephalic cat just as it does in the normal cat. However, figure 18 shows regular breathing at 30 breaths per minute in the REM sleep of the cat with destruction of the midbrain tegmentum, and figure 22 shows regular breathing at 45 breaths per minute in REM sleep of the pontile animal, which is only slightly faster than the 30-45 breaths per minute rate of that animal in wakefulness. Also figure 38 shows regular breathing at 15 breaths/min in the REM sleep of a mesencephalic cat. Adding to the uncertainty is the statement in the discussion that 90% of normal animals showed an increase in respiratory rate in REM sleep, but mesencephalic animals were as likely to show a decrease as an increase in respiratory rate in REM sleep. In a 1963 paper, Jouvet and Jouvet 83 published a chart of respiratory and heart rate in a pontile cat in which increases in both respiratory rate and heart rate are associated with periods of atonia (Fig 6 of that paper) . We have redrawn and labeled that figure and show it here as figure 6. Also figure 17 of the same paper shows breathing at 25 breaths per minute in REM sleep in a decorticate human, which is about 5 breaths per minute faster than the rate during arousal. In addition, figure 18 illustrates a recording of a decorticate human in which increases in respiratory rate are generally associated with periods of atonia (REM sleep). Jouvet's data show, therefore, that there are increases in the rate of breathing during REM sleep in pontile animals and in decorticate humans, neither of whom can be assumed to have dream content.( 9 ) However, we have been unable to find in his data examples of the irregularities that are characteristic of the breathing of a normal cat during REM sleep.
Some authors have argued that the irregular pattern of breathing in REM sleep is a byproduct of endogenous REM-sleep processes and does not have its origin in the content of the dream. According to this theory, there are REM-sleep processes that depend on the pons and that affect in general the entire nervous system. A common process might produce close relations among diverse manifestations of the state. Such a notion is central to the idea of psychophysiologic parallels in which dream content is associated with physiologic changes appropriate for that content, but it may be central also to a pontine-dependent process that causes coactivation of multiple physiologic systems. For example, myoclonic twitches might occur in association with eye movement bursts and with variations in heart and respiratory rates. There are examples of such relations. Discharge rates of medullary respiratory neurons in REM sleep are related positively to the frequency of pontogeniculo-occipital (PGO) waves. 62 A recent study found also that the relation between PGO waves and endogenous excitatory drive to the diaphragm was positive but very weak. 66 Using an analysis based on entropy, the authors found that only 1/70th of the information about diaphragmatic activity can be obtained by knowledge of the density of PGO wave activity. In another study, the discharge rate of REM-specific cells 68 was positively correlated with the rate of breathing. There is also a brief inhibition of diaphragmatic activity associated with PGO waves. 84 This inhibition is 20% of background and has a duration of 80 milliseconds. Our original interpretation was that the inhibition disrupted ongoing diaphragmatic activity 
Studies have shown that the increase in ventilation during exercise is not caused by an increase in carbon dioxide or a decrease in oxygen in the blood or, at moderate levels of exercise, by a drop in pH. Instead, the brain commands an increase in ventilation to match the increase in energy required to exercise. 80 Thus, during exercise, feedback controllers such as the chemoreceptors do not sense a change in blood gases and stimulate breathing to correct the imbalance but, instead feed forward mechanisms command simultaneously increased ventilation and increased work. creating a pattern that we named "fractionations," 85 but it now appears that fractionations are extremely rapid breathing with alternating inspiratory and expiratory phases (unpublished observations). In summary, the relations among physiologic systems in REM sleep are poorly understood and when known may make little sense. What can be the meaning of a state of full erection, an inability to move, and the dreamer naked and lost in an unknown airport painting a picture of a cartoon character for an unknown gate attendant? Are the dream and myoclonic twitches related? Is the twitching dog dreaming of chasing a rabbit? Do eye movements and irregular breathing, breathing rates and heart rates, contraction of bronchial smooth muscle and breathing, noctural emissions and myoclonic twitches have some association? And if it is not the logic of psychophysiologic parallels, is it a logic of the pons in which relations among physiologic variables are at least constant if not understandable? Physiological phenomenon do not occur randomly in REM sleep. There is a weak relation between PGO activity and diaphragm activity in REM sleep, respiration rates are related to dream intensity, and the motor behaviors of animals who have REM sleep without atonia and of humans with REM-sleep behavior disorder are not random but are instead species-specific behaviors. 86 
CONCLUSIONS
There are tonic excitatory inputs to the respiratory system that are lost in NREM sleep. The possible sources of the inputs are known to include the reticular formation and raphe nuclei but may involve all levels of the neuraxis. It is questionable whether wakefulness itself is adequate for significant activation of tonic inputs to the respiratory system. However, different elements within the respiratory system are not affected equally by, or do not receive equally, tonic inputs, and the threshold to tonic excitation may vary from one element to the next. Clearly, there are levels of arousal that cause levels of tonic inputs, and arousal can be specific as well as general. The somnambulist arouses to move but not to perceive.
In REM sleep, there are also tonic excitatory inputs to the respiratory system. These inputs are powerful and cause an increase in diaphragmatic and respiratory neuronal activity in REM sleep and are responsible for the rapid and irregular breathing characteristic of that state. They may not be the same drives that excite the respiratory system in wakefulness. Their origins and relation to other manifestations of the state are unknown.
